ABSTRACT
INTRODUCTION
Assisted reproductive technologies (ART) are used widely throughout the world, accounting for 1-6% of all newborns, with an increasing rate of application of about 1 million per year worldwide [1] [2] [3] . All methods of ART used currently increase the likelihood of multiple pregnancy; the current weighted average of multiple birth rate in Europe is 21.8%, with the twinning rate after assisted conception (in-vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI)) reported to be up to 9%, compared with approximately 1% after natural conception 1, [3] [4] [5] [6] [7] . Both singleton and twin ART pregnancies have been associated with adverse perinatal outcomes, such as increased risk of pre-eclampsia, placenta previa, preterm birth, low birth weight, Cesarean section and perinatal mortality when compared with those spontaneously conceived (SC) [8] [9] [10] [11] . Recent data suggest long-term cardiovascular consequences in ART offspring with systemic and pulmonary vascular dysfunction in childhood [12] [13] [14] , in addition to characteristic fetal cardiovascular remodeling [13] [14] [15] [16] . All these studies were conducted in singleton pregnancies; data on twin pregnancies are controversial, with extensive debate in the literature on whether the risks associated with twin pregnancy following ART differ from those of SC twins. Therefore, it is still unknown whether twins conceived by ART also present cardiovascular changes and remodeling in fetal life.
Accordingly, the objective of this study was to assess the presence of fetal cardiac remodeling and dysfunction, as previously described in singletons conceived by ART, in twin pregnancies conceived by ART as compared with SC twins.
SUBJECTS AND METHODS

Study population and protocol
This was a prospective cohort study including 50 twin fetuses conceived by ART and 50 SC twins. Cases and controls were recruited from April 2014 to April 2016 at the Department of Maternal-Fetal Medicine of BCNatal in Barcelona, Spain. Conception by ART included all treatments or procedures that involve surgically removing eggs from a woman's ovaries and combining them with sperm to help with conception (standard IVF or ICSI). Patients were considered non-eligible if any of the following were present: monochorionic pregnancy, more than two fetuses or any maternal medical disease, including asthma, chronic hypertension, diabetes mellitus, heart disease, human immunodeficiency virus or hepatitis infection, lupus and thyroid disease. Likewise, later diagnosis of fetal malformations or vanishing twin were also considered exclusion criteria. The study protocol was approved by the Hospital Clinic's Ethical Committee; written consent was obtained from all study participants.
The study protocol included collection of baseline/perinatal data and fetal ultrasound (biometry, fetoplacental Doppler and echocardiography) at 28-30 weeks' gestation. Parental and ART characteristics were collected by interview and review of medical records at the time of prenatal evaluation. On delivery, the presence of pregnancy complications, gestational age, mode of delivery, birth weight, birth-weight centile, Apgar score, umbilical artery pH, admission to the neonatal intensive care unit (NICU) and major neonatal morbidity were recorded.
Pre-eclampsia was defined as de novo blood pressure ≥ 140/90 mmHg on two occasions 4 h apart after the 20 th gestational week, with concurrent proteinuria (≥ 300 mg in a 24-h urine specimen). Small-for-gestational age was defined as birth weight below the 10 th centile according to local reference curves 17 . Major neonatal morbidity was defined as the presence of bronchopulmonary dysplasia, necrotizing enterocolitis, intraventricular hemorrhage, periventricular leukomalacia, retinopathy, persistent ductus arteriosus or sepsis within the first 28 days of postnatal life. Additional information on SC and ART singleton pregnancies is provided in Appendix S1.
Fetal ultrasound
All pregnancies underwent an ultrasonographic examination at 28-30 weeks' gestation using a Siemens Sonoline Antares (Siemens Medical Systems, Malvern, PA, USA) with 6-4-MHz linear curved-array and 2-10-MHz phased-array probes. Gestational age at scan was calculated based on the first-trimester crown-rump length 18 . Fetal ultrasonographic evaluation included estimation of fetal weight, fetoplacental Doppler and fetal echocardiography.
Estimated fetal weight was calculated according to Hadlock et al. 19 and estimated fetal weight centile was calculated using local reference curves 17 . Fetoplacental Doppler assessment included measurement of pulsatility index in the uterine arteries, umbilical artery, fetal middle cerebral artery, ductus venosus and aortic isthmus, according to previously published methodology [20] [21] [22] [23] . The cerebroplacental ratio was calculated by dividing the middle cerebral artery and umbilical artery pulsatility indices 24 . Fetal echocardiography included a comprehensive structural and functional evaluation. The cardiothoracic ratio was calculated as heart area divided by thoracic area 25 . Left and right atrial areas were measured at maximum atrial distension and atrial/heart ratios were calculated as ((atrial area/heart area) × 100). Left and right ventricular sphericity indices were calculated as the ratios of base-to-apex length/basal ventricular diameters measured at end-diastole 26, 27 . Ventricular end-diastolic septal and free wall thicknesses were measured by M-mode from a transverse four-chamber view 27, 28 . Mitral/tricuspid annular plane systolic excursions (MAPSE/TAPSE) were assessed by M-mode from an apical or basal four-chamber view by placing the cursor at a right angle to the atrioventricular junction; the maximum amplitude of displacement was measured in millimeters 29 . Systolic (S ) and early diastolic (E ) peak velocities at the mitral and tricuspid lateral annuli were measured by real-time pulsed-wave tissue Doppler from an apical or basal four-chamber view 30 . Insonation by the ultrasound beam was kept at an angle < 30
• to the orientation of the ventricular wall or the interventricular septum, with no angle correction applied. Atrioventricular flows were obtained from a basal or apical four-chamber view, placing the pulsed Doppler sample volume at the tip of the atrioventricular valve leaflets.
Right and left E/A ratios were estimated by calculating the ratio between early ventricular filling (E-wave) to late ventricular filling (A-wave) 31 . Deceleration time of the E-wave was measured from mitral and tricuspid inflow velocities from an apical four-chamber view. Left isovolumic relaxation time was obtained from a four-chamber view, placing the Doppler sample volume between the aortic and mitral valves; valvular clicks in the Doppler waveform were used as landmarks to measure from the closure of the aortic valve to the opening of the mitral valve 32 .
Statistical analysis
Data were analyzed using IBM SPSS Statistics v. 21 statistical package (IBM, Armonk, NY, USA). Sample size calculation was based on mitral E because of its high sensitivity for detecting preclinical cardiac dysfunction in fetuses and children [33] [34] [35] . An estimated sample size of 20 individuals per group was calculated to enable us to observe a difference of 25% in mitral S between cases and controls, with 80% power and a 5% type-I risk. Data are presented as mean ± SD or percentage, as appropriate. P < 0.05 was considered statistically significant. Baseline comparisons among the study groups and controls were calculated by Student's t-test or Pearson's chi-square test. Multilevel analyses were used to compare perinatal and ultrasonographic parameters, as individual twin data are by definition related and multilevel analysis takes this dependency into account. Comparisons of echocardiographic variables were adjusted by parental age, paternal body mass index (BMI) and incidence of pre-eclampsia. A subanalysis comparing ART singletons vs ART twins was also performed (Tables S1-S3) .
RESULTS
Baseline and perinatal characteristics
Baseline and perinatal characteristics of the study population are shown in Table 1 . Study groups were similar in terms of maternal and paternal characteristics, with the exception of older parental age and higher paternal BMI in ART as compared with SC twins. Causes of infertility among the ART cases were 52% unexplained, 6% female factor, 34% male factor and 8% both female and male factors. Ninety-two percent of ART pregnancies were conceived through ICSI and 8% by a combination of IVF and ICSI. Both groups showed similar perinatal characteristics, with the exception of higher rates of pre-eclampsia, Cesarean section, admission to the NICU and major neonatal morbidity in ART twin pregnancies as compared with the SC ones.
Fetal ultrasound
There were no differences in gestational age at ultrasound examination, estimated fetal weight, estimated fetal-weight centile or fetoplacental Doppler parameters between the two groups ( Table 2) . Twins conceived by ART had similar sized hearts with larger atria and showed more globular and thicker right ventricles as compared with SC twins (Figure 1 ). Regarding functional parameters, ART twins presented significantly reduced systolic longitudinal motion by M-mode in the right side of the heart (TAPSE), with decreased diastolic longitudinal motion (demonstrated by lower tissue Doppler E velocities) and a preserved ejection fraction, as compared with SC twins. Fetal cardiovascular changes in ART twins were more prominent in the right heart and remained significantly different after adjusting for parental age, paternal BMI and incidence of pre-eclampsia. A subanalysis comparing fetal cardiac structure and function in SC and ART singletons vs twins is shown in Tables S1-S3. Despite significant differences in perinatal outcomes (higher prevalence of pre-eclampsia, prenatal exposure to corticoids, preterm delivery, admission to NICU and neonatal morbidity) (Table S1 ), estimated fetal weight and umbilical artery Doppler were similar between ART twins and ART singletons (Table S3) . Fetal cardiac structure and function were similar between Data are given as mean ± SD. *P-value adjusted for parental age, paternal body mass index and pre-eclampsia. A, ventricular inflow during atrial contraction; E, early ventricular inflow; E , early diastolic peak velocity; MAPSE, mitral annular plane systolic excursion; PI, pulsatility index; S , systolic peak velocity; TAPSE, tricuspid annular plane systolic excursion. ART singletons and ART twins, with the exception of larger atria, decreased TAPSE and increased left ejection fraction, E deceleration time and MAPSE in ART twins compared with ART singletons (Table S3) .
DISCUSSION
The present study provides evidence of fetal cardiac remodeling and dysfunction in twins conceived by ART. These findings are in line with those of previous reports demonstrating signs of cardiovascular dysfunction in singleton fetuses and children conceived by ART [14] [15] [16] 36 . Twins conceived by ART showed larger atria and a pattern of right ventricular concentric remodeling (more globular and thicker right ventricles), together with signs of systolic and diastolic dysfunction compared with SC twins. The cardiac changes described here are similar to those reported in singleton ART pregnancies 15 and children 13, 14, 16 and are consistent with the hypothesis of specific fetal cardiovascular programing associated with ART. From a pathophysiological point of view, more globular and hypertrophic ventricles together with dilated atria are the usual cardiac response to pressure overload, being consistent with the reported high blood pressure and vascular wall thickness described in infants 15 and children 14, 16 conceived by ART. Cardiac changes were more prominent in the right as compared with the left heart, which might reflect the dominance of the right heart during fetal life together with a higher susceptibility to pressure overload of the right as compared with the left ventricle 37, 38 . The underlying cause of these cardiovascular changes remains to be elucidated. Parental predisposing factors, hormonal effects, perinatal environmental factors or epigenetic changes secondary to embryo manipulation have been postulated as potential factors. In our study, mothers with chronic disease (asthma, chronic hypertension, diabetes mellitus, heart disease, human immunodeficiency virus or hepatitis infection, lupus and thyroid disease) were excluded and statistical analyses were adjusted for parental age and BMI; however, in ART mothers, it is important to keep in mind that advanced maternal age has the potential to impact on fertility and that subfertility per se could still play a role 39 . Regarding perinatal characteristics, prenatal corticoid exposure, gestational diabetes, birth weight and gestational age at delivery were similar among groups, and analyses were adjusted by the incidence of pre-eclampsia. In addition, the cardiac changes previously reported in small-for-gestational age fetuses (concentric hypertrophy) are different from the ones described here in ART (larger atria and ventricular concentric remodeling) 40 . Consequently, the role of the perinatal environment is possibly minor. Finally, epigenetic changes have been associated with ART 41 . Recent evidence shows that ART twins have lower DNA methylation at differentially methylated regions (PEG1, H19/IGF2) 42 associated mainly with growth and development. During heart development, DNA methylation mechanisms undergo dynamic changes; therefore, we could hypothesize that epigenetic dysregulation associated with ART could possibly affect expression levels of genes involved in cardiovascular regulation 13, 43 . Overall, future studies are warranted to elucidate the underlying mechanisms of the increased cardiovascular risk associated with ART.
It is important to mention the significantly higher prevalence of perinatal complications in the ART twin group 9 . Twin pregnancies conceived by ART presented a higher rate of pre-eclampsia, Cesarean section, admission to NICU and neonatal morbidity as compared with SC twins and ART singletons. These differences in perinatal parameters as well as the relatively limited sample size of the present study might explain some dissimilarity (mainly in left cardiac function) between ART twins and singletons. Right-heart changes were predominant and more significant in our previous publication on singletons 15 (most likely due to the expected right dominance in fetal life) and therefore we believe that significant differences in these parameters would be replicated even in a smaller sample size. In addition, most left ventricular parameters (MAPSE, isovolumic relaxation time and sphericity index) show a non-significant trend towards worse values in ART twins as compared with naturally conceived twins. Finally, some left cardiac parameters (such as left atrial area or mitral E ) are significantly different in ART twins as compared with SC twins and ART singletons. Therefore, we believe that sample size is the most plausible explanation for this dissimilarity between ART twins and singletons. We also believe that twin pregnancies intrinsically encounter more perinatal complications, which may act as confounders and mask statistical significance of differences in cardiovascular parameters.
Among the strengths of this study is the prospective performance of comprehensive fetal echocardiograms in a well-defined population recruited for this purpose. Extreme care was taken to exclude multiple pregnancies with maternal disease, use of ovulation induction medication or other confounding factors that could influence our results. Multilevel analysis was performed to take into account the twin dependency. The analysis was adjusted for potential confounding factors, such as parental age and pre-eclampsia, by linear regression in order to isolate the independent effect of mode of conception. However, we acknowledge that non-obvious confounders not considered in the design of the study might have affected the results. We also accept that the number of patients included in this study was small, which could allow for the lack of statistical significance in some of the parameters evaluated; most changes in the left side of the heart were non-significant in this study, despite being significant in ART singletons 15 . Finally, the cardiovascular changes reported here are subclinical and, although they are recognized as potential cardiovascular risk factors, their persistence and long-term association with cardiovascular disease remain to be proven, which warrants further follow-up of this cohort.
ART is redefining biology and society; we believe that it is a great medical achievement but, from an ethical and clinical point of view, it is important to understand the potential impact of these techniques on the perinatal and long-term health of the infants. The aim of this study was to provide further evidence with regard to the effect of ART in twin pregnancies. Overall, our results showed the presence of cardiac remodeling and dysfunction in twin fetuses conceived by ART. The observed cardiac changes, albeit subtle, could be responsible for an increased cardiovascular risk later in life, in keeping with the fetal programing theory 44 . From a clinical point of view, these findings would affect approximately 5% of newborns worldwide, identifying them as a high-risk population for cardiovascular disease. Mild cardiovascular changes present in fetal life may remain subclinical during childhood, but may worsen and turn into significant health issues with certain stressors, postnatal conditions such as obesity and other lifestyle behaviors. Thus, early interventions in this group, such as promoting breastfeeding 18 , lifestyle modifications, lack of exposure to other risk factors and blood pressure surveillance could aid in reducing these risks 40, 45 .
In conclusion, this study strengthens evidence that the use of ART is associated with fetal cardiovascular remodeling, opening opportunities for early identification and potential interventions in this population 46, 47 . The underlying mechanisms and non-obvious confounders not considered in the design of the study might have affected the results. Long-term cardiovascular risks related to ART remain to be elucidated in future research.
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